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We highlight how the existence of an ultraviolet completion for interacting Standard-Model type
matter puts constraints on the viable microscopic dynamics of asymptotically safe quantum gravity
within truncated Renormalization Group flows. A first constraint – the weak-gravity bound – is
rooted in the destruction of quantum scale-invariance in the matter system by strong quantum-
gravity fluctuations. A second constraint arises by linking Planck-scale dynamics to the dynamics
at the electroweak scale. Specifically, we delineate how to extract a prediction of the top quark mass
from asymptotically safe gravity and stress that a finite top mass could be difficult to accommodate
in a significant part of the gravitational coupling space.
I. CONNECTING QUANTUM GRAVITY TO
THE ELECTROWEAK SCALE
Observational guidance on the route to quantum grav-
ity is notoriously elusive. For most “smoking-gun” sig-
nals of quantum gravity, the Planck scale would have
to be accessible by controlled experiments, as effects are
typically suppressed by the energy scale of the experi-
ment over the Planck scale. Here, we discuss how to
restrict the microscopic quantum-gravity dynamics by
bridging the gap in the hierarchy of scales between Planck
and electroweak scale in terms of a Wilsonian Renor-
malization Group (RG) flow. Recovering experimentally
tested particle physics at the electroweak scale restricts
the form of the microscopic dynamics including quantum
gravity. In particular, the microscopic model could even
be a fundamental quantum field theory of gravity and
matter within the asymptotic-safety paradigm [1]. That
scenario generalizes the success-story of asymptotic free-
dom – where a free RG fixed point underlies quantum
scale-invariance in the ultraviolet (UV) – to an interact-
ing UV complete theory. Based on the groundbreaking
work of Reuter [2], compelling hints for asymptotic safety
in pure gravity have been found [3–41], see, e.g., [42] for
reviews and [43, 44] for possible consequences in astro-
physics and cosmology. For asymptotically safe models
without gravity see, e.g., [45–48].
By including matter, we derive strong hints for two
structurally different constraints on the gravitational
coupling space: In the UV, we find a weak-gravity bound:
A quantum-gravity induced fixed point for matter can
only exist for sufficiently weak quantum-gravity fluctu-
ations. Infrared (IR) physics at the electroweak scale
imposes a second constraint on the UV fixed-point struc-
ture: We demand that an observationally viable dynam-
ics arises along an RG trajectory emanating from the
fixed point. Whenever quantum fluctuations of gravity
generate a negative scaling dimension for a matter cou-
pling, e.g., a Yukawa coupling, they force it to a specific
value at the Planck scale. Assuming no new physics, its
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further RG flow is given by well-known Standard Model
running down to the electroweak scale. This maps a mi-
croscopic fixed-point value to an IR quantity. The fixed-
point value depends on the gravitational dynamics pa-
rameterized by a set of microscopic couplings. Observa-
tional viability thus constrains the microscopic gravita-
tional dynamics. This holds for an asymptotically safe
fixed-point and in an effective field theoretic descrip-
tion of gravity, in principle restricting larger classes of
quantum-gravity models.
In Sec. II we clarify the general gravity-matter fixed-
point structure in asymptotic safety, highlighting the role
of global symmetries. In Sec. III we obtain the RG-flow
of a gravity-Higgs-Yukawa model. In Sec. IV, we discuss
the resulting bounds on gravitational coupling space, i.e.,
the weak-gravity bound (cf. Sec. IV A) and a constraint
resulting from phenomenological viability at low scales
(cf. Sec. IV B). In Sec. IV C we explore similar bounds
in an effective field theory setting beyond the realm of
asymptotic safety. We conclude in Sec. V.
II. QUANTUM-GRAVITY INDUCED UV
COMPLETION FOR MATTER
Compelling hints for a quantum-gravity induced UV
completion of (subsectors of) the Standard Model within
the asymptotic safety paradigm exist [39, 49–74] based on
truncated functional RG flows. Quantum-gravity fluc-
tuations become strong near the Planck scale and sig-
nificantly alter the RG running of matter couplings. If
the gravitational couplings approach an interacting fixed
point, fixed-point scaling can also be induced in the mat-
ter sector. Here, we elucidate the induced fixed-point
structure that is shaped by global symmetries of the ki-
netic terms of the respective matter content.
A. Scenario A: Maximally symmetric asymptotic
safety
In the far UV, where gravity is fully interacting,
quantum gravity fluctuations induce residual matter
interactions [62, 64, 65, 69, 70, 73]. Gravity-matter sys-
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2tems that exhibit quantum scale-invariance necessarily
feature matter self-interactions within the corresponding
truncations. Thus, there is no fixed point with a fully
Gaußian matter sector. The underlying mechanism is
simple: As all forms of energy gravitate, quantum grav-
ity fluctuations couple to the kinetic terms for matter
fields and prevent free matter theories from becoming
scale-invariant. Technically, this is a consequence of
gravity loop-diagrams unavoidably generating matter
self-interactions. A useful analogy from low-energy
physics is given by the Euler-Heisenberg Lagrangian
for QED, where quantum fluctuations of charged
matter generate photon self-interactions, encoded in
higher-order terms for photons. The pivotal difference
to asymptotically safe gravity is that in the latter the
interactions are not induced by the RG flow towards
the IR, but must already exist in the UV. As a result,
no matter theory can become completely asymptotically
free in the presence of fixed-point gravity. A minimal set
of interactions is necessarily present. The question is:
Which are the residual interactions? At a first glance,
it might be surprising that these are not the canonical
interactions of the Standard Model. The latter vanish
at the maximally-symmetric asymptotically safe fixed
point, as they break the global symmetries of the kinetic
terms, cf. Fig. 1. Instead, the induced interactions are
invariant under the symmetries of the kinetic terms
of the respective matter fields, since asymptotically
safe gravity preserves global symmetries – at least in
all truncated RG flow that have been explored until
now. All interactions that explicitly break these global
symmetries can consistently be set to zero at the fixed
point, cf. Fig. 2. This does of course not exclude
the existence of a fixed point with a lower degree
of symmetry, cf. Sec. II B. We will now examine the
maximally-symmetric asymptotically safe fixed point in
detail and explain which interactions are and are not
present.
Specifically, the kinetic term for scalars features a
Z2 symmetry, φ → −φ, as well as shift symmetry,
φ → φ + a. These restrict the allowed interactions to a
set of derivative interactions with even powers of φ [64].
This excludes a scalar potential, Yukawa interactions
and a minimal coupling to gauge fields. Generalizing to
a complex SU(2) scalar, all canonical interactions that
are present for the Higgs in the Standard Model have to
vanish at the maximally symmetric fixed point.
For gauge fields, the kinetic term features a reflection
symmetry, Aµ → −Aµ, restricting the allowed inter-
actions to those with even numbers of gauge fields.
This is sufficient to conclude that non-Abelian self-
interactions and the minimal gauge coupling to matter
are switched off at the maximally symmetric fixed point,
see [58, 60, 61, 73]. Instead, scale-invariance appears
to require photon self-interactions of the form (F 2)2
which are induced by gravity [73] in the Abelian case.
We conjecture that this holds in the non-Abelian case,
but that it is only the Abelian part that will be induced,
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FIG. 1. We show interactions of scalars (complex and real),
fermions and gauge fields, and point out which interactions
feature a free fixed point for symmetry reasons. We also high-
light examples of interactions that can only exhibit a shifted
Gaußian fixed point. For the latter, a real fixed-point value
is not guaranteed, which provides us with a weak-gravity
bound. Where these interactions have been explored and our
symmetry-argument is supported by calculations, we indicate
the corresponding references.
i.e., quantum gravity at the maximally symmetric fixed
point “Abelianizes” non-Abelian gauge fields. At this
fixed point all interactions of non-Abelian gauge fields
with matter and all self-interactions are switched off.
Finally, fermions feature a global U(1) phase rotation
as well as a chiral phase rotation for the kinetic term.
These two can alternatively be rewritten as a separate
phase rotation for left- and right-handed fermions. This
precludes the coupling to the Higgs via a Yukawa term,
and a minimal coupling to gauge fields is forbidden
by the reflection symmetry in the gauge sector. On
the other hand, specific four-fermion interactions are
compatible with all symmetries and thus exist at the
maximally-symmetric asymptotically safe fixed point.
To summarize, quantum scale-invariance that includes
quantum gravity appears to differ from classical scale
invariance in a critical way (besides the general technical
challenge of probing scale invariance in a framework
with a mass-like regularization, see Sec. III for details):
Interactions which are canonically higher order and
therefore not classically scale invariant are a necessary
part of a fixed-point action in gravity-matter systems,
i.e., they are required by quantum scale-invariance.
Thus, the free, Gaußian fixed point that is typically
present in these couplings in a pure matter system
gets shifted and becomes interacting. Hence, quantum
gravity can induce a form of “interacting asymptotic
freedom” for the Standard Model, where a set of higher-
order couplings invariant under the maximal global
symmetries stay finite, while the canonically marginal
couplings which break these symmetries become free,
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FIG. 2. We sketch the theory space of maximally symmet-
ric asymptotic safety: The blue (shaded) hypersurface fea-
tures maximal symmetry, where all interactions respect the
global symmetries of the kinetic terms. The quantum-gravity
induced fixed point lies at finite values of the corresponding
couplings. Standard Model interactions lie outside this hyper-
surface, as they break the corresponding global symmetries.
cf. FIG. 2.
There are general arguments suggesting that global
symmetries might be violated by quantum gravitational
effects [75, 76]. The effect appears to be tied to the
existence of black hole remnants, which is an issue that
remains to be investigated further in asymptotically
safe gravity, for first studies see [44]. Moreover, the
statement that a symmetry is violated is of course
insufficient: Even if it is violated, the effect might be
tiny; and thus it is crucial to quantify the violation
of global symmetries – if at all present – in a given
quantum gravity model.
We now discuss two observational consistency tests
for the maximally-symmetric asymptotically safe fixed
point. The first is the requirement of real fixed-point
values for the residual interactions: If quantum- gravity
fluctuations are too strong, they can shift the fixed point
into the complex plane where it ceases to be viable. The
requirement of real couplings restricts the allowed grav-
itational coupling space. In particular, it requires quan-
tum gravity fluctuations to stay sufficiently weak.
To recover the Standard Model at low scales, the flow to-
wards the IR must leave the maximally-symmetric hyper-
surface in theory space. The second constraint arises as
the maximally symmetric fixed point must be connected
to observable physics in the IR by a viable RG trajectory.
This test is particularly strong under the assumption of
no (relevant) new physics between the electroweak and
the Planck scale. In that case, the RG flow emanating
from the maximally symmetric fixed point must yield the
correct values of the Standard Model couplings at the
Planck scale. Otherwise, the low-energy values of cou-
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FIG. 3. Schematic flow of an (ir)relevant (lower/upper
panel) coupling. For a relevant coupling, the fixed point is
IR-repulsive, thus a large range of IR values of the coupling
can be reached starting from the fixed point (green region),
whereas only those IR values outside the basin of attraction of
the fixed point are excluded (dark red region). For an irrel-
evant coupling, quantum-gravity fluctuations force the cou-
pling to remain at its fixed-point value down to the Planck
scale. Once quantum gravity has switched off, matter fluctu-
ations can drive the coupling away from its fixed-point value.
As only one particular value can be realized at the Planck
scale, the IR value of the coupling is predicted. Other IR val-
ues cannot be connected to a UV-safe regime (cf. red curves).
plings and masses in the Standard Model do not match
the observational values. Starting from the maximally-
symmetric asymptotically safe fixed point the canoni-
cal Standard Model couplings remain zero all the way
down to the Planck scale if quantum fluctuations render
them irrelevant, cf. Fig. 3. This case becomes particu-
larly interesting for the quartic Higgs coupling, where the
Planck-scale value is actually rather close to zero [80–82].
If quantum gravity effects render the quartic coupling ir-
relevant, the Higgs mass becomes predictable [82, 83].
On the other hand, if the Yukawa couplings y are ir-
relevant at the maximally symmetric fixed point, the RG
flow emanating from it would yield fermion masses signif-
icantly smaller than the experimentally observed values.
This is particularly obvious in the case of the top mass
of ∼ 176 GeV, which requires a Planck-mass value y ≫ 0.
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FIG. 4. In the enlarged theory space which includes the
canonical Standard Model couplings, quantum-gravity effects
could induce a second fixed point at a finite value of the Stan-
dard Model couplings. For all Standard Model couplings that
are irrelevant at that fixed point, the low-energy value is pre-
dicted.
B. Scenario B: Asymptotic safety with
Standard-Model symmetries
In addition to the maximally-symmetric asymptoti-
cally safe fixed point, interacting fixed points with explic-
itly broken global symmetries could exist. For instance in
a simple scalar-fermion model, breaking shift symmetry
for the scalar and additionally imposing only a discrete
chiral symmetry φ → −φ,ψ → eiγ5pi/2ψ, ψ¯ → eiγ5pi/2ψ¯ al-
lows to introduce a Yukawa coupling. Within the pure
matter model, its beta function features a cubic term
with a positive coefficient. The quantum gravity con-
tribution must be linear in the Yukawa coupling due to
symmetry, reading
βy = y3
8pi2
+Dy g y. (1)
Quantum-gravity corrections could render the fixed point
at y∗ = 0 UV repulsive (Dy > 0). This automatically
implies that no further zero of the beta function ex-
ists. If on the other hand the free fixed point is UV
attractive (Dy < 0) it is presumably compatible with IR
physics. Dy < 0 simultaneously introduces another real
zero (cf. Fig. 5) corresponding to a UV-repulsive inter-
acting fixed point. Starting from the interacting fixed
point, the Planck-scale value of y is fixed, cf. lower panel
of Fig. 3. Hence, this scenario could potentially provide
a way to predict the value of those Standard-Model cou-
plings that are significantly different from zero at the
Planck scale, thereby exceeding the predictive power of
a perturbative setting. To give an example, the observed
top mass requires a non-zero top-Yukawa coupling at the
Planck scale.
0.0 0.5 1.0 1.5 2.0
-0.05
0.00
0.05
0.10
0.15
y
β y
FIG. 5. We show the beta function for the Yukawa coupling
cf. Eq. (1), for the case Dy > 0 (dotted red line), Dy = 0 (pure
matter case, continuous blue line) and Dy < 0 (dashed green
line). For Dy < 0, y becomes relevant at the free fixed point
and irrelevant at a new interacting fixed point.
The above pattern generalizes to all marginally irrel-
evant couplings: The leading quantum-gravity contribu-
tion is linear in the coupling, acting like a contribution to
the effective scaling dimension. For a reduced scaling di-
mension, quantum gravity renders the coupling relevant
at the free fixed point. Simultaneously an interacting
fixed point is induced. This fixed point is IR attractive,
cf. Fig. 5. Hence, it results in a fixed finite coupling
at the Planck scale, cf. Fig. 3. This scenario places the
most stringent constraints on the gravitational coupling
space: The Planck-scale values of irrelevant matter cou-
plings equal their fixed-point values which in turn are
functions of the gravitational couplings. Requiring an
observationally viable fixed-point value for the matter
coupling thus provides one additional equation that the
gravitational couplings have to fulfill in addition to their
fixed-point equations. Every canonically marginal cou-
pling that is rendered irrelevant selects one hypersurface
in the space of gravity couplings, e.g., y = y∗ in Eq. (1) re-
quires g∗ = (y∗)2/(8pi2Dy). It is a highly intriguing ques-
tion whether these hypersurfaces intersect and whether
the gravitational fixed-point values coincide with these
intersections.
In this paper, we explore in detail how both of these
phenomenologically derived tests provide strong con-
straints on the gravitational coupling space, by inves-
tigating a toy model of the Higgs-Yukawa sector. Those
constraints arise within a truncation of the RG flow, but
we conjecture that extending the truncation will only
lead to quantitative changes, and not lift the existence
of the constraints.
III. RG FLOW FOR GRAVITY AND A SIMPLE
HIGGS-YUKAWA MODEL
We study a model containing a real scalar φ and
a Dirac fermion ψ. Maximally symmetric asymptotic
safety preserves the following four global symmetries of
5the kinetic terms:
• Z2 symmetry for the scalar: (φ→ −φ)
• scalar shift symmetry: φ→ φ + a
• U(1) phase: ψ → eiα′ψ and ψ¯ → ψ¯eiα′
• chiral U(1): ψ → eiγ5αψ and ψ¯ → ψ¯eiγ5α
The maximally symmetric theory space contains higher-
order interaction terms of which we include the leading-
order fermionic [64, 69] and mixed (fermion-scalar) [70]
ones. We neglect scalar interactions that exist in the
maximally symmetric theory space [64, 65], since the
present truncation is sufficient to illustrate the fixed-
point structure and both constraints discussed in Sec. II.
Our truncation for the scale-dependent effective action
in the matter sector with maximal global symmetry is
Γk,MS = Zφ
2
∫ d4x√g (gµν∂µφ∂νφ) (2)
+ iZψ ∫ d4x√gψ¯ /∇ψ
+ 1
2
∫ d4x√g[λ¯A (iψ¯γµγ5ψ)(iψ¯γµγ5ψ)
+λ¯V (ψ¯γµψ)(ψ¯γµψ)]
+ ∫ d4x√g[iχ¯1 (ψ¯γµ∇νψ − (∇νψ¯)γµψ) (∂µφ∂νφ)
+iχ¯2 (ψ¯γµ∇µψ − (∇µψ¯)γµψ) (∂νφ∂νφ) ].
In the presence of quantum gravity λ¯A is finite
1 [64, 69]
and iχ¯1/2 ≠ 0 as well [70]. Our work is the first to com-
bine both induced interaction channels and include the
resulting anomalous dimensions. In terms of physics,
we mainly aim at connecting the maximally-symmetric
asymptotically safe fixed-point structure to the top-quark
mass. Within the toy model at hand, the low-energy
1 For the four-fermion interactions, there are two independent
ones that are symmetric under the separate left- and right handed
phase rotations. However, gravity only induces one of them.
In [62], this becomes clear when one uses a parameterization in
terms of λA = 1/2(λ+−λ−) and λV = 1/2(λ++λ−); and in [69] one
can see this by taking into account the Fierz identity that allows
one to make the transition to λA and λV , and then observing that
the gravity-induced contribution to the beta functions respects
βλσ ∣
induced
= −2βλV ∣induced. It is curious that the four-fermion
interactions which are induced by gauge interactions do not fol-
low this pattern, i.e., there are two independent four-fermion in-
teractions that are induced [77–79]. Technically, the reason lies
in the different diagram that induces four-fermion interactions in
gravity as compared to gauge theories, see [62], and the differ-
ent structure of the corresponding vertex. This structure holds
for all choices of the gauge parameter β, as the two-graviton-
fermion-antifermion-vertex vanishes for all scalar components of
the graviton. Moreover, the vertex also vanishes for the trans-
verse vector component of the graviton, therefore the result also
holds for all values of α.
fermion mass is potentially impacted by four-fermion in-
teractions and by fermion-scalar interactions through the
anomalous dimensions.
Just as the top-Yukawa coupling is the source of the
top-quark mass in the Standard Model a simple Yukawa
coupling would generate an IR fermion mass after spon-
taneous symmetry breaking in the scalar sector. The
Yukawa coupling is not part of the maximally-symmetric
theory space as it preserves only a discrete chiral sym-
metry under which φ→ −φ, ψ → eipi2 γ5ψ and ψ¯ → ψ¯eipi2 γ5 .
The flowing action containing the leading-order opera-
tors departing from the maximally symmetric hypersur-
face (cf. Fig. 4) reads
ΓkSM = ∫ d4x√g (iyφψ¯ψ + λ¯S(ψ¯ψ)(ψ¯ψ)). (3)
To elucidate the impact of higher-order couplings in sce-
nario B (cf. Sec. II B), we also include an additional four-
fermion interaction, parameterized by λ¯S . Together with
λ¯A and λ¯V it constitutes a Fierz-complete basis of inter-
actions invariant under the discrete chiral symmetry. To
search for a scale-invariant fixed point regime we make a
transition to dimensionless couplings
λX = λ¯X
Z2ψ
k2, χi = χ¯i
Zψ Zφ
k4 (4)
and introduce the anomalous dimensions
ηφ = −∂t lnZφ = −k∂k lnZφ, ηψ = −∂t lnZψ . (5)
A. Wetterich equation
To study the scale dependence and extract the β-
functions of the couplings we employ the functional RG.
It relies on a mass-like regulator Rk(p2) in the path
integral that suppresses quantum fluctuations below k,
while higher ones are integrated out. This provides a
flowing action, which yields the quantum equations of
motion with the effect of all high-momentum modes in-
cluded, while the low-momentum ones are suppressed.
The change of the flowing action under a change of k is
driven by modes with momenta p2 ≈ k2 and governed by
a formally exact one-loop flow equation [84]
∂tΓk ∶= k∂kΓk = 1
2
Tr (Γ(2)k +Rk)−1 ∂tRk, (6)
see also [85], for reviews see [86–92]. The trace Tr runs
over the continuous and/or discrete eigenvalues of the
full, regularized field- and momentum- dependent prop-
agator (Γ(2)k +Rk)−1. On a flat background, it trans-
lates into a loop-momentum integral, a summation in
field space and a trace over all internal and Lorentz in-
dices. This equation has an exact 1-loop diagrammatic
representation. Expanding in external fields, a series of
non-perturbative 1-loop diagrams represents the contri-
butions to the beta function of a given coupling. For in-
stance, Figs. 6, 7, 8 and 9 show the contributions to the
6FIG. 6. Flow diagrams of χ-, Yukawa- and gravitational
contributions to the anomalous dimensions of fermions (cf.
Eq. (22)) and scalars (cf. Eq. (21)). Metric fluctuations,
fermions and scalars are represented by double, solid and
dashed lines respectively.
FIG. 7. Diagrams contributing to the maximally symmetric
flows of four-fermion interactions: the pure-matter (cf. Mλλ in
Eq. (19),(20) and (24)) and the gravity-induced contributions
in the first line (cf. Iλ in Eq. (19)); gravity-contributions to
anomalous scaling in the second line (cf. Dλ in Eq. (19), (20)
and (24)).
The symmetry-reducing diagrams in the last line are absent
for vanishing Yukawa coupling (cf. Mλy2λ in Eq. (19), (20)
and (24) and Cgy2λ in Eq. (24)). There are further diagrams
that vanish.
flow of the anomalous dimensions ηφ/ψ, four-fermion cou-
plings λi, mixed two-fermion–two-scalar couplings χ1/2
and the Yukawa coupling y, respectively within our trun-
cation of the dynamics.
B. Parameterizing the propagator of metric
fluctuations
The effect of gravity on matter couplings is given in
terms of the flat-space propagator of metric fluctuations(Γ(hh)k )−1. We derive it from
Γk grav = −1
16piG¯
Zh ∫ d4x√g (R − 2λ¯) + Sgauge-fixing (7)
+ 1
16piG¯
Zh ∫ d4x√g (a¯R2 + b¯RµνRµν+c¯R ◻R + d¯Rµν ◻Rµν) .
The Einstein-Hilbert action in the first line of Eq. (7)
is supplemented by a complete set of terms up to sixth
order in derivatives which can contribute to the graviton
FIG. 8. Diagrams contributing to the maximally symmetric
flow of two-fermion–two-scalar interactions: the pure-matter
contributions in the first line (cf. Mχ2χ1/2 in Eq. (17) & (18),
while the second diagram vanishes decoupling λA/S/V from
βχ1/2); the gravity-induced contributions in the second line
(cf. Iχ1/2 in Eq. (17) & (18)); the gravity- contributions to
anomalous scaling in the third line (cf. Dχ1/2 in Eq. (17) &
(18)). There are further diagrams that vanish and we neglect
contributions in the symmetry-reducing flows (i.e., for y ≠ 0)
since we do not calculate in this regime.
FIG. 9. Diagrams contributing to the flow of the Yukawa
interaction: pure-matter contributions in the first line (cf.Mλyy and My3y in Eq. (23)); gravity- contributions to anoma-
lous scaling in the second line (cf. Dy in Eq. (23)). There are
further diagrams that vanish.
propagator on flat space, see [93]. While the presence of
higher-order terms might raise the question of unitarity –
even though unitarity can be preserved in the presence of
such terms [94] – it cannot be meaningfully addressed in
finite truncations like ours [95]. We introduce the gravity
anomalous dimension
ηh = −∂t lnZh, (8)
and make a transition to dimensionless couplings
g = G¯k2, µh = −2λ¯k−2, a = a¯k2, b = b¯k2,
c = c¯k4, d = d¯k4. (9)
As the setup of an RG flow with the interpretation of
a local coarse-graining procedure requires the distinction
of high-energy and low-energy modes, we must introduce
a background. To that end, we employ the background
field method, with a linear split, such that
gµν = g¯µν + hµν . (10)
Specifically, we work with the simplest choice
g¯µν = δµν . (11)
7While projections on operators including curvature in-
variants could differ in cases where the background is
insufficient to distinguish between different invariants,
projections on pure-matter couplings do not depend on
the choice of background. An expansion around a flat
background does therefore not introduce additional er-
rors beyond those due to contributions from operators
beyond the scope of our truncation. In fact, all explicit
curvature dependence of the graviton propagator drops
out of the β-functions of the pure matter couplings that
we focus on, although it might affect non-minimal cou-
plings that we do not include here. We choose a stan-
dard background-field gauge fixing, see, e.g., Eq. (2), (3)
in [29] with gauge parameters β = α = 0, in which all but
the trace and the transverse traceless (TT) modes of the
York-decomposed [96] propagator of metric fluctuations
decouple from the matter beta functions. A different
choice of β has been argued for in [97]. For the regula-
tor, we choose its tensor structure equal to that of the
inverse propagator, multiplied by a scalar shape-function.
We employ the Litim cutoff [98] with arguments such that
it is spectrally [99] and RG adjusted [100], i.e.,
Rkµνκλ = (Γ(2)kµνκλ(k2) − Γ(2)kµνκλ(p2)) θ(k2 − p2) (12)
for metric fluctuations. This simplifies the loop-integral
on the right-hand side of the flow equation, as
Γ
(2)
k (p2) +Rk → Γ(2)k (k2), (13)
i.e., there is no momentum-dependence in the denomina-
tor. For the matter fields
Rkφ = Zφ (k2 − p2) θ(k2 − p2),
Rkψ = Zψ/p⎛⎝
√
k2
p2
− 1⎞⎠ θ(k2 − p2). (14)
We test the regulator dependence of our results
(cf. App. B), by using a cutoff that is not spectrally ad-
justed, i.e., does not depend on the essential couplings.
C. Spin-2-approximation
In our off-shell, gauge-fixed setting, metric fluctua-
tions consist of two different modes. A simple mode-
counting argument suggests that the transverse-traceless
spin-2 mode (cf. Eq. (15)) dominates the RG flow. This
is particularly clear in our gauge, where the transverse
vector and one of the two scalars decouple, and the flow
is driven by the gauge-independent spin-2 contribution
and a gauge-dependent scalar contribution. We per-
form a York decomposition to find the propagator for the
transverse-traceless mode hTTµν with ∂
µhTTµν = 0, hµ TTµ = 0
and the trace mode h = hµµ:
(Γ(2)k,TT(p2))−1 = 32piG¯p2−2λ¯ + b¯p4 − d¯p6PTTµνκλ(p) , (15)
(Γ(2)kh(p2))−1 = − 256piG¯3p2−4λ¯ − 6p4(3a¯ + b¯) + 6p6(3c¯ + d¯) ,
(16)
where the projector PTTµνκλ(p) is given, e.g., in Eq. (B8) of
[14]. Demanding a weak or vanishing gauge-dependence
also suggests that the TT-part must dominate. The
scalar contribution is expected to be subdominant com-
pared to the spin-2-contribution, as it corresponds to
just one instead of five off-shell modes. In the follow-
ing, we report our results in the spin-2-approximation
in the main text, which consists in neglecting the con-
tribution of fluctuations of the trace mode. We caution
that the TT mode does not necessarily dominate in that
region of coupling space where gravity is switched off
dynamically, e.g., at large µh: For our choice of regula-
tor, the TT mode falls off with (1 + µh)−1, whereas the
trace mode shows a slower fall-off, (1 + 2/3µh)−1. Our
full results which include the trace mode can be found
in App. C. In this work, we do not evaluate the running
of the gravitational couplings in order to determine their
fixed-point values within a specific truncation. Instead
we treat them as free parameters. Hence, our work al-
lows a comprehensive view on the possible microscopic
gravitational dynamics constrained by observational via-
bility.
The aforementioned suppression can be observed in
Eq. (A1)-(A18), where all trace-mode threshold-integrals
are significantly suppressed. This goes hand in hand with
the observation that this approximation also works well
in the pure-gravity sector [14], and moreover fixed-point
results in unimodular gravity are very similar, see, e.g.,
[26, 101, 102]. For studies that highlight the fixed-point
structure in the opposite approximation which keeps the
conformal mode only, see, e.g., [103–108].
Our results suggest that gravity couplings that do not
enter the propagator of spin-2-fluctuations are negligi-
ble for a leading-order understanding of gravity-matter
dynamics. This provides guidance for the setup of trun-
cations for the gravitational RG flow, as we provide in-
put on which couplings dominate the RG flow at leading
order, and which ones only add subleading corrections.
Specifically, as only functions of the Ricci tensor, not of
the Ricci scalar, enter the TT-propagator (cf. Eq. (15)),
a quantitative determination of the fixed-point values of
the former appears crucial.
D. β-functions
The β-functions of the matter couplings y, λA, λS , λV ,
χ1 and χ2 result from suitable projections [62, 70] of the
8flow equation (6) and take the form
βχ1 = χ1 (ηψ + ηφ + 4) +Mχ2χ1 + g2Iχ1 + gDχ1 (17)
βχ2 = χ2 (ηψ + ηφ + 4) +Mχ2χ2 + g2Iχ2 + gDχ2 , (18)
βλA = 2λA (ηψ + 1) + 43 (λA − λV ) y2 Mλy2λ+ (λ2A − λA (3λS + 2λV ) + 3λV (λS − λV ))Mλλ+ g2 Iλ + gλADλ , (19)
βλV = 2λV (ηψ + 1) + 2 (λA − 2λV ) y2 Mλy2λ− 2 (λA (λS + 2λV ) + 2λV (λV − λS))Mλλ+ gλV Dλ , (20)
ηφ = gDηφ +Mχηφ + y2My2ηφ , (21)
ηψ = gDηψ +Mχηψ + y2My2ηψ , (22)
βy = y (ηψ + ηφ
2
) + y3 My3y− y (4λA − 3λS + 4λV )Mλyy + gyDy (23)
βλS = 2λS (ηψ + 1) + λS (−6λA + λS + 2λV )Mλλ
+ 2 (2λA + λS − 6λV ) y2 Mλy2λ+ gλS Dλ + gy2 Cgy2λ . (24)
Observe that gravity contributions which necessitate
non-zero fixed-point values are only present in those cou-
plings respecting the maximal global symmetry. These
are the inducing contributions parameterized by the
threshold integrals Ii(g, µh, a, b, c, d, η). All matter beta
functions feature a gravity-contribution linear in the
matter coupling itself. These terms mimic a scaling di-
mension and are denoted by Di(g, µh, a, b, c, d, η). Fur-
ther, a subset of beta functions, e.g., βλS , also include
combined contributions from gravity and other matter
couplings. These are denoted by Cji (g, µh, a, b, c, d, η).
In βχ1/2 , we have already inserted the fixed-point value
y∗ = 0. Finally, pure matter contributions to βi depend-
ing on the couplings j are given by Mji (η). All threshold
integrals are given in App. A. Here, we reconfirm pre-
vious results on βλA,V from [62], and on βy and βχ1,2
from [70] and find agreement with [74] in the TT-mode
sector (a full agreement is not expected due to different
gauge choices.) In the matter sector our results for the
matter contributions to the anomalous dimensions agree
with Eq. (36) & (37) in [47].
The given set of β-functions allows us to derive con-
straints on the gravity couplings from the structure of
the matter sector.
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FIG. 10. Comparison of the critical exponent of the Yukawa
coupling θy (with a = b = c = d = µh = 0) for different approx-
imations: the green wide-dashed line shows the spin-2 con-
tributions (including anomalous dimensions) only; the blue
narrow-dashed line includes trace-contributions; the purple
dotted line includes trace-contributions and matter-mediated
effects from the induced four-fermion coupling λA; the red
continuous line additionally includes matter-mediated contri-
butions from the χ-sector that contribute to the Yukawa cou-
pling via anomalous dimensions. The comparison shows that
trace-mode and matter-mediated effects are subleading in the
regime of g that obeys the weak gravity bound.
E. Gravity rules: suppressed backcoupling of
induced matter interactions
In Eq. (17)-(22), finite g results in finite fixed-point
values for the corresponding couplings and anomalous
dimensions. We aim at analyzing the impact of these
induced interactions on βy, i.e., ultimately on the value of
y at the Planck scale which is linked to θy = (−βyy ) ∣y∗=0.
Specifically,
θy = −(ηψ + ηφ
2
) − g Dy + 4λAMλyy (25)
In the absence of gravity, all contributions vanish at
the free fixed point. Thus, the critical exponent of the
Yukawa coupling at the free fixed point depends on the
gravitational coupling directly, through D1, and indi-
rectly: Gravity induces nontrivial anomalous dimensions
ηφ, ηψ, which enter θy, and also induces a finite four-
fermion coupling λA, which enters θy. The direct and
the anomalous-dimension-mediated spin-2 contributions
dominate the result, cf. Fig. 10.
In the spin-2 approximation (where Dy = DλA = −5/8Dηψ
and Dηφ = 0) the suppression of matter-mediated effects
can be demonstrated explicitly by solving Eq. (19) and
plugging the result back into Eq. (25). In a regime where
gravity is not strongly dynamically suppressed by a large
effective mass of the TT-propagator (i.e., µh + b − d < 2)
matter contributions are typically subleading by a fac-
tor of 1
16pi2
occurring in pure-matter loops. Therefore,
9Eq. (25) can be expanded for small Mλyy and we find
θy =(gDy − 32
8
+ ∣gDy − 8∣
2
)
− 16Mλyy Dλ g2∣gDy − 8∣ +O ((Mλyy )2) , (26)
where we have also exploited that Mλyy =Mλλ. For small
g ≪ 1 the matter-mediated Mλyy -term is suppressed by
the canonical dimensionality of the induced coupling λA.
For large g ≫ 1 the suppression relies solely on the
matter-loop suppression
Mλyy ≃ Dy/λ16pi2 . (27)
This explicit example is in accordance with the expecta-
tion that the gravity loop, which features several modes,
dominates over the matter loops in βy, with only one
matter mode. We conclude that it is sufficient to con-
sider only the direct contribution from the TT-mode to
obtain a good understanding of the bound on the grav-
itational parameter space in our model. However, the
suppression of matter-mediated contributions might not
hold in models with many fermions and scalars.
IV. OBSERVATIONAL CONSTRAINTS ON THE
GRAVITATIONAL COUPLING SPACE
Two observational constraints on the gravitational
coupling space arise from the inclusion of matter. These
constraints arise by requiring that a viable microscopic
dynamics exists (cf. Sec. IV A) and can be connected to
known physics in the IR (cf. Sec. IV B). The first con-
straint is due to the demand that the interacting matter
fixed-point must exist, i.e., lie at real values of the cou-
plings. The second constraint arises when bridging the
gap between the fixed-point regime and the electroweak
scale: The quantum-gravity induced matter fixed-point
must be phenomenologically viable in the sense that the
RG flow emanating from it can lead to the observed low-
energy values of the couplings.
A. Weak-gravity bound
In the presence of quantum gravity fluctuations, a
scale-invariant fixed-point regime for matter cannot be
reached in a fully asymptotically free way. Instead, all in-
teractions which obey the symmetries of the kinetic terms
for the matter fields are necessarily non-zero. On the
other hand, those interactions with reduced global sym-
metries – including all canonically marginal Standard-
Model-like interactions – can vanish in the UV. The fixed-
point values for the non-zero matter couplings are func-
tions of the gravity couplings, and are not guaranteed to
be real. Thus, the requirement of real fixed-point values
for matter couplings gives rise to constraints on the mi-
croscopic gravity model.
All induced interactions are canonically irrelevant, i.e.,
the corresponding couplings have negative canonical di-
mensionality. For induced scalar interactions, this follows
as the combination of Z2 and shift symmetry provides
∂µφ∂νφ as the only building block. Similarly, chiral U(1)
phase rotations for fermions forbid all bilinears except
for the kinetic term. In particular, there are no matter
interactions with an uneven number of matter fields. For
an induced interaction with 2n matter fields and cou-
pling λ¯2n, there is a gravity contribution ∼ gn to the
beta function of the dimensionless version of that cou-
pling λ2n = λ¯2nk−dλ¯2n ,
βλ2n = (−dλ¯2n + (Dλ2n + Cλ2n)g +Mλ2n)λ2n + Iλ2n gn,
(28)
where Mλ2n is a function of the other matter couplings.
Crucially, the gravity-contributions Iλ2n are independent
of any of the matter couplings. Thus, setting all matter
interactions to zero does not correspond to a fixed point
of the system under the impact of gravity. The free fixed
point that exists in the pure matter system is necessarily
shifted to become an interacting one: the shifted Gaußian
fixed point [62, 64, 65, 69, 70].
We first focus on quartic interactions λ4 (which in our
truncation include λA and χ1,2), which play a special
role: These are the only matter couplings for which
Mλ4 =Mλ4λ4λ4 + . . . (29)
i.e., their beta functions are parabolas. The interplay of
gravity and matter fluctuations can have a disastrous ef-
fect, if the relative sign between Iλ4 and Mλ4λ4 is positive.
Then, the shifted Gaußian fixed point collides with a sec-
ond fixed point and both move into the complex plane at
g > gcrit. The critical value gcrit depends on the details of
the beta function. For instance, if we set all gravity cou-
plings except for g to zero, neglect anomalous dimensions
and work in the spin-2 approximation,
βχ1 = 4χ1 + 1784pi2χ21 + 809 g2 − 179144pigχ1 (30)
βλA = 2λA − λ2A16pi2 + 5g24 + 5gλA2pi (31)
Both beta functions have two zeros, one of which lies at
finite coupling already at g = 0:
χ∗1 1,2 = 7pi408(179 g − 576pi (32)
±√−820193g2 − 1443456pi g + 2322432pi2√
7
),
λ∗A1,2 = 2pi(8pi + 10g ±√105g2 + 160pi g + 64pi2). (33)
For finite g, both zeros lie at finite χ1 and λA, respec-
tively. For λA, the shifted Gaußian fixed point moves
towards more negative values as g increases, while the
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second fixed point moves to increasingly positive values.
A fixed-point collision which would kick the two fixed
points into the complex plane is averted. In contrast, the
shifted Gaußian fixed point for χ1 lies at negative values
and moves towards the second fixed point as g increases.
At gcrit ≃ 3.20 a fixed-point collision occurs. For larger
g, the matter fixed-point lies at complex values, i.e., it is
not a viable fixed point. This suggests that fixed-point
gravity must remain sufficiently weak in order to admit
a scale-invariant regime in models containing a matter
sector. The mere existence of matter thus results in a
weak-gravity bound. In the fermionic sector the negative
sign in form of the fermionic loop contribution ∼ λ2A in
Eq. (31) results in a bound at imaginary g.
The constraints arising from requiring real fixed-point
values for the induced couplings in the gauge sector [73]
are structurally similar to those in the Yukawa sector,
and reinforce our weak gravity bound. In addition to
those couplings that we have analyzed explicitly here, all
quartic couplings with higher-order momentum depen-
dence are in danger of being shifted into the complex
plane by gravity. An analysis of the full momentum-
dependent four-point vertex function of all matter fields
is therefore indicated.
Next, we shed light on the properties of induced in-
teractions with six or more fields. These are shifted by
gravity from their free fixed-point values, as in Eq. (28),
but can only be shifted towards real fixed-point values,
never into the complex plane. This is because in βλ2n ,Mλ2n does not depend on λ2n for n > 2. Due to the one-
loop structure of the flow equation (cf. Eq. (6)) a term∼ λ22n contributes to the flow of a ((2n) − 4)-coupling.
Thus, only the β-function for λ4 is quadratic in itself.
Accordingly, βλ2n is linear in λ2n for n > 2 and thus
necessarily features a real fixed-point solution if all co-
efficients remain real2. Therefore, fixed-point values for
higher-order couplings can only become complex, when
the quartic couplings become complex. Hence, no inde-
pendent constraints on the gravitational parameter space
arise from the requirement that the induced matter fixed-
point for all couplings with six or more fields is real.
2 In principle, the linear term might cancel, but this would require
a delicate balance of canonical scaling, matter fluctuations and
gravity fluctuations, and hence seems not very likely. Given the
one-loop structure of the flow equation (cf. Eq. (6)) this can only
couple back into its own beta function if it is combined with a
quartic interaction, i.e., it cannot occur quartic or higher. Addi-
tionally, there are linear terms from the canonical dimensionality
of the coupling, anomalous scaling and a gravity contribution,
schematically
βλ2n = (−dλ¯2n + nη + g#1 + λ4 #2)λ2n + ..., (34)
where the first two terms are canonical and anomalous scaling
and the third and fourth correspond to a gravity- and a matter
loop diagram.
1. Characterizing the allowed weak-gravity regime
Having motivated the existence of a weak-gravity
bound, we now quantify the excluded region in gravi-
tational coupling space in the present truncation. As a
main outcome of our analysis, we find only mild changes
of the bound when extending the truncation in compar-
ison to our previous study in [70]. Away from poles in
the propagating gravitational degrees of freedom (which
artificially enhance the trace-mode), we only observe
subleading contributions as we include the trace-mode
(cf. Fig. 19 in App. C). Since the dependence of the
gauge-parameter β is encoded in the scalar degrees of
freedom this leads us to conclude that the occurrence of
a weak-gravity bound does not depend on the choice of
gauge. In Eq. (28), Iλ2n is a function of all couplings in
the propagator of metric fluctuations. In Eqs. (30) and
(31) we have considered the simplest case where all grav-
ity couplings except g as well as the anomalous dimen-
sions are set to zero. In that case, the weak-gravity bound
is g∗ < gcrit ≃ 3.20. Reinstating the threshold corrections
in Iχ1/2 and Dχ1/2 in Eqs. (17) and (18) leads to a more
involved structure of the bounds on the gravitational in-
teraction strength. Mainly, the simple bound on g is now
deformed, as the additional gravitational couplings µh, b
and d can change the effective gravitational interaction
strength at fixed g. Specifically, the inducing contribu-
tion Iχ1/2 of spin-2-fluctuations in βχ1/2 (cf. Eq. (17) &
(18)) arises from diagrams with two metric propagators
(cf. second line in Fig. 8) and is therefore (at vanishing
anomalous dimensions) given by
Iχ1/2 = 8g2(10 + 15b − 18d)9(1 + µh + b − d)3 = 800 g2eff(1 + µh + b − d)9(10 + 15b − 18d) .
(35)
Here, geff is the effective gravitational interaction
strength of gravitational tadpole contributions and is ex-
plicitly defined in Eq. (38). For b = d = 0, large and posi-
tive µh leads to a suppression of metric fluctuations, thus
delaying the onset of the fixed-point collision to larger g,
cf. left panel in Fig. 11. Next we analyze the dependence
on b and d: b → −1 and d → 1, respectively lead to an
enhancement of gravity fluctuations yielding excluded re-
gions. The additional factors of b and d in the numerator
of Eq. (35) lead to a deviation of the excluded region as
compared to the g-µh-plane, cf. central and right panel
in Fig. 11.
Truncations for pure gravity generically feature fixed-
point values in the allowed weak-gravity regime,
cf. Tab. I. The critical remaining question is to under-
stand whether an increasing number of matter fields
pushes the effective gravitational interaction strength to
large values, as suggested by results in the scalar sector
[51–54, 109], or whether, e.g., the impact of vector fluctu-
ations decreases Iχ1/2 sufficiently [51]. In the former case,
bounds on the number of matter fields in asymptotically
safe gravity-matter systems will arise, due to a gravity-
induced “self-destruct” mechanism: An increasing num-
11
FIG. 11. We show bounds on the gravitational parameter space (g, µh, b, d): In the dark red region the spin-2-mode contri-
butions (cf. Sec. III C) to βχ1/2 are too strong to support a real fixed point in χ1/2. A viable fixed point exists in the light
green region. We set b = 0 = d (left panel), µh = 0 = d (central panel) and µh = 0 = b (right panel). The dot-dashed orange lines
show the result when the anomalous dimensions that are shown explicitly in Eq. (21) & (22) are neglected. We work in the
TT-mode approximation (cf. Sec. III C) and neglect anomalous dimensions in the loop diagrams. FIG. 19 in App. C contains
a comparison to the full result, highlighting the viability of our approximations. The thin dotted (dashed) lines indicate areas
where ηψ < −2 (ηψ < −4), possibly signaling a shortcoming of our truncation.
ber of matter fields could push the effective gravitational
interaction strength beyond the weak-gravity regime. In
turn, this would lead to a fixed-point annihilation in the
matter sector that would occur beyond a critical number
of matter fields.
B. Constraints from phenomenological viability
1. Scenario A: Maximally symmetric fixed point
The matter model that we analyze here contains only
one Yukawa coupling, not several different ones like the
Standard Model. However, it has in common with the
Standard Model that if the Yukawa coupling is set to
zero at some high scale, it remains exactly zero at all
scales below. This information is enough to exclude that
part of the gravitational parameter space in which the
Yukawa coupling is irrelevant at its free fixed point –
barring huge effects from a curved critical hypersurface.
Specifically, if the gravity contribution to the β-function
of the Yukawa coupling (cf. Eq. (23)) is positive, quantum
gravity fluctuations force the Yukawa coupling to remain
exactly zero until they are switched off dynamically at
k ≈MPlanck. This follows, as a negative scaling exponent
drives a coupling towards its fixed-point value towards
the IR, i.e.,
y(k) ≈ y∗ + ( k
k0
)−θy . (36)
Thus, finite quark and lepton masses (before dynami-
cal chiral symmetry breaking in QCD) require that the
Yukawa coupling is relevant, as only then finite values at
the Planck scale can be accommodated while still reach-
ing the free fixed point in the very far UV. To be specific,
θy > 0 (37)
needs to hold for relevance. θy is a function of(g∗, µ∗h, a∗, b∗, c∗, d∗). Explicitly evaluating the thresh-
old integrals (cf. Eq. A1-A18) for spectrally adjusted
cutoffs, condition Eq. (37) for λA = χ1/2 = 0 and in the
spin-2-approximation (cf. Sec. III C) is given by
0 < −geff = − g(15b − 18d + 10)
10 (b − d + µh + 1) 2 . (38)
For comparison, the full result is discussed in App. C.
In the absence of higher-order operators in the metric
propagator, one would conclude that the Yukawa cou-
pling is irrelevant as long as g > 0. Then, it follows
that y(k ≈ MPl) = 0, which is incompatible with a fi-
nite fermion mass at low energies.
Including b and d, the sign of the critical exponent can
change, and a region in the gravitational parameter space
exists which is compatible with a finite fermion mass,
cf. Fig. 12. To highlight that this result is not an artifact
of our choice of regulator, we quote the condition for a
regulator that is not spectrally adjusted and where d = 0
(for details, see App. B). Then,
0 < − 15g
16pi (µh + 1) (b + µh + 1) , (39)
which is included in Fig. 12. We conclude that the maxi-
mally symmetric fixed point could be observationally vi-
able, if the fixed-point values for the gravitational cou-
plings fall into the green region in Fig. 12.
2. Scenario B: Fixed point with Standard-Model symmetries
In this subsection, we focus on a simplified truncation,
where we set χ1/2 = 0, which is sufficient for a first study
of a fixed point at finite Yukawa coupling, as χ1/2 only
couples into βy indirectly, i.e., through the anomalous
dimensions. We defer the question whether the finite
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FIG. 12. In the green (darker) region, cond. (38) holds
(for d = 0), and the Yukawa coupling is relevant. Thus, any
low-energy value for the fermion mass can be reached on tra-
jectories emanating from the asymptotically safe fixed point.
The condition is violated in the yellow (lighter) region of the
parameter space. For d = 0.5, the boundary separating the
two regions is shifted upwards (dot-dashed green line). Be-
tween the dotted (dashed) lines, the pole in the propagator
in Eq. (38) is approached, leading to ∣ηψ ∣ > 2 (dotted line)
and ∣ηψ ∣ > 4 (dashed line), implying a possible breakdown of
our truncation. For a regulator without spectral adjustment,
the darker green-shaded region below the pole (thick, black,
dashed line) is observationally viable, as cond. (39) holds. The
plot is obtained in the TT-mode approximation (cf. Sec. III C)
neglecting matter mediated effects (cf. Sec. III E), cf. Fig. 18
for results justifying these approximations.
value of the Yukawa coupling is compatible with a fixed
point for the remaining matter couplings to future work.
The shift to relevance at the free fixed point goes hand
in hand with the generation of a new, interacting fixed
point for the Yukawa coupling at
y∗ = ¿ÁÁÀ 1Iy3y (−gIy + 4λAMλyy − ηψ − ηφ2 ). (40)
For the explicit contributions Iy, Iy3y and Mλyy and the
anomalous dimensions, see App. A. Where it exists, this
fixed point is necessarily IR attractive, cf. Fig. 5, since
the free fixed point is UV attractive.
Our result highlights that the predictive power of the
asymptotic-safety paradigm could be higher than that of
a matter model with canonical scaling: Starting from the
interacting fixed point at y∗, gravity fluctuations force
y(k) ≈ y∗ until a scale is reached at which gravity is effec-
tively switched off. The subsequent flow to the IR is the
well-known pure-matter flow. Hence, y∗ translates into
a fixed value of the fermion mass. Thus, there is a hy-
persurface in the gravitational coupling space, on which
the measured value of the fermion mass in our toy model
is a prediction of asymptotic safety. As a function of −b,
the fixed-point value in y grows and quickly passes the
distinguished point y∗ ≈ 0.27, cf. Fig. 13. At that point,
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FIG. 13. We show the fixed-point value for y (upper panel)
and all other matter couplings (lower panel, µh = 1) for g =
1, d = 0. Those couplings for which the absolute value is shown
in fact have a negative sign. The green line indicates the value
of the top-quark coupling in the Standard Model at the Planck
scale.
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FIG. 14. We plot the deviation from the canonical di-
mensions for g = 1, µh = 1, d = 0. As the eigenvectors are
rather well-aligned with the couplings λA,V,S and y, we use
the canonical dimensions of these couplings.
the linear approximation to the flow in the vicinity of
the fixed point implies that the Planck-scale value of y
is predicted to be y ≈ 0.27. Within the Standard Model,
this value of the top-quark Yukawa coupling yields the
measured value of the top mass in the IR, see, e.g., [80].
As soon as the fixed point in the Yukawa coupling is in-
teracting, all other symmetry-protected couplings, specif-
ically λV and λS , become nonzero, cf. Fig. 13. At this
fixed point, gravity rules, i.e., corrections from induced
matter interactions follow a hierarchy: y∗ quickly grows
as a function of −b and appears to reach a regime where it
increases linearly. In contrast, those couplings which are
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already nonzero at the maximally symmetric fixed point
stay nonzero, but are O(10−2). Finally, the newly gen-
erated nonzero four-fermion interactions λS and λV are
even smaller, at O(10−4). This follows as they are not in-
duced by gravity directly, but only through other matter-
interactions, once these are generated. This goes hand in
hand with near-canonical scaling dimensions, cf. Fig. 14,
and a close alignment of the eigenvectors of the stability
matrix with the couplings λA,V,S and y. Thus, the added
complications from the matter sector only add subleading
corrections to the fixed-point properties of the Yukawa
coupling. We tentatively suggest that a similar hierar-
chy might hold in the Standard Model, implying that
the direct effects of quantum gravity will be the lead-
ing contribution to determine the scaling exponents and
fixed-point values.
C. Effective field theory framework
Broadening the scope of our work, we consider other
quantum-gravity models within the gravitational param-
eter space from the point of view of the effective field
theory (EFT) framework, [110, 111]. This encompasses
a large class of microscopic UV complete models. We
assume that above the scale ktrans, quantum gravita-
tional degrees of freedom are described by a fundamen-
tal model, such as, e.g., Loop Quantum Gravity, String
theory, causal sets. Below ktrans, effects of quantum
gravity are captured in terms of quantum fluctuations
of the metric, i.e., ktrans is the transition scale from the
microscopic model to the effective low-energy descrip-
tion. In that setting, all operators which are compati-
ble with the fundamental symmetries are present. In line
with the discussion in Sec. II the authors in [110] find
that higher-order operators allowed by symmetry will be
generated by quantum gravity fluctuations in the EFT
framework as well. Our result might be understood as a
UV completion of the EFT regime, in which the corre-
sponding higher-order couplings cannot become asymp-
totically free. The microscopic dynamics determines the
effective dynamics for all effective low-energy degrees of
freedom. Specifically, the microscopic model sets the ini-
tial conditions for the RG flow in the effective description,
i.e., the values of all EFT couplings at ktrans are deter-
mined by the fundamental model. Typically, one would
assume that ktrans ≈ MPlanck, but this need not be the
case. Thus, each fundamental model can be translated
into a particular point, or, if it has free parameters, into
a hypersurface in the space of couplings. Towards lower
momentum scales, the scale-dependence is captured by a
standard RG flow, which bridges the gap between the mi-
croscopic scale ktrans and observable scales, and connects
the microscopic input-parameters at ktrans that charac-
terize the fundamental model to low-energy parameters
that can be inferred from experiments. In this way,
all quantum-gravity models where the gravitational sec-
tor reduces to General Relativity at low energies, and
which do not feature any extra symmetry-violation at
high ktrans, can be embedded into the theory space that
we analyze here3. A similar point of view has already
been advocated in [117]. The microscopic model predicts
the values of gravity- and matter-couplings at ktrans, i.e.,
each microscopic model gives rise to a set of predictions
for the low-energy structure of the theory.
There is a second scale knon−grav, at which the effect
of quantum gravity fluctuations becomes strongly sup-
pressed in comparison to matter fluctuations, and where
quantum gravity effects can be neglected. Based on
dimensional arguments, one would expect knon−grav ≲
MPlanck. Accordingly, we assume that knon−grav < ktrans,
i.e., that there is a regime in which quantum gravity ef-
fects are important, but can be encoded within the EFT
framework.
Within the functional RG setting, we analyze which re-
gions of the gravitational parameter space are excluded,
as quantum gravity fluctuations push matter couplings
away from their observed low-energy values. Specifically,
we consider the perturbative regime for the Yukawa cou-
pling y, where θy < 0 implies that quantum gravity pushes
y towards zero, as
y(k) = y(ktrans) ⋅ ( k
ktrans
)−θy , (41)
which is clearly not compatible with large fermion
masses. Here, we analyze a toy model, in which y should
not be equated with any of the Yukawa couplings of the
Standard Model. Nevertheless, our analysis provides a
blueprint on how to put constraints on microscopic quan-
tum gravity models from their effect on matter. This
could lead to much stronger constraints than exist from
direct tests, as, e.g., the couplings of R2 and RµνR
µν are
only required to be smaller than 1061 [121–123].
V. SUMMARY
Here, we give a concise summary of our key findings,
and provide more details below. Our results are derived
within a particular truncation for a toy model of the
Higgs-Yukawa-sector of the Standard Model, but we ar-
gue that a significant part could carry over to extended
truncations, also including additional fields.
• Firstly, we highlight that the seemingly daunting
task of deriving the beta functions of a gravity-
matter model featuring an interacting UV fixed
point can be simplified considerably, as “spin 2
rules”, see subsection V A below.
3 In cases with additional symmetry violation, the corresponding
theory space for the low-energy model becomes larger, e.g., for
the case of Lorentz-symmetry violation in the matter sector, ad-
ditional couplings have to be taken into account [112, 113]. The
FRG is a suitable tool to probe matter-gravity systems with such
symmetry-violations [114–116].
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• Secondly, we clarify the interaction structure of a
gravity-induced matter fixed-point and provide an
ordering principle for matter interactions accord-
ing to their UV fixed-point value: Scrutinizing the
global symmetries of an interaction is sufficient to
know whether it can feature a gravity-induced free
fixed point, see subsection V B below.
• Thirdly, we show that the knowledge of physics at
the electroweak scale could be sufficient to impose
constraints on the gravitational coupling space:
The mere existence of matter allows us to derive a
weak-gravity bound: If gravity fluctuations are too
strong, they cannot induce a scale invariant regime
for matter in the UV, and instead drive matter cou-
plings in our truncation towards divergences. Fur-
ther, recovering a finite fermion mass in the IR ap-
pears to require a negative effective gravitational
interaction strength in the UV, at least within a
simple Higgs-Yukawa model, see Sec. V C.
Our results underline that observational constraints
on quantum gravity arise without direct probes of
the Planck scale: Low-energy properties of mat-
ter could be sufficient to rule out a significant part
of the gravitational coupling space. Within trun-
cations only including gravity, these parts of the
gravitational coupling space do not appear special:
thus, one misses these constraints if the inclusion
of matter into the microscopic model is left aside.
A. Spin 2 rules
We confirm that within a large region of gravitational
parameter space in our truncation spin 2 rules. This is
helpful in two respects: Firstly, it allows us to derive
the leading-order effects of asymptotically safe quantum
gravity on matter in a simplified setting, where the num-
ber of diagrams required to gain an understanding of the
fixed-point properties is reduced significantly. Secondly,
it provides guidance for truncations in the gravitational
sector: While truncations including more involved ten-
sor structures are significantly more challenging compu-
tationally [13, 32], our results suggest that these struc-
tures dominate the quantum-gravity impact on matter.
1. TT mode dominance and trace mode suppression
Our results indicate that it is sufficient to include the
effect of the transverse traceless – or spin-2- metric mode,
and that, just as it should be, the scalar modes in the
off-shell metric propagator are subdominant. This im-
balance might be reversed in those regions of coupling
space in which gravity fluctuations are suppressed at an
overall level, e.g., for µh ≫ 1. Fixed points in truncations
do not fall into that region, cf. Tab. I with the notable
exception of a hybrid background-fluctuation calculation
including the effect of all minimally coupled Standard
Model fields [51].
2. Backcoupling of induced matter interactions is
subleading
At the quantitative level, we have upgraded our previ-
ous analysis in [70] not only by higher-order gravity cou-
plings but we now also include the effect of four-fermion
couplings and anomalous dimensions. We discover that
quantum-gravity induced four-fermion and two-fermion-
two-scalar couplings play a subleading role for the de-
termination of the critical exponent of the Yukawa cou-
pling. This underpins a hope that, at least within the
Higgs-Yukawa sector, a quantitative analysis of quantum-
gravity effects is possible with truncations that do not
include a huge number of matter interactions. Instead,
we find that the leading-order quantum gravity effects
are encoded in the anomalous dimensions of the matter
fields, as well as the direct coupling of quantum gravity
fluctuations to the Yukawa coupling. We rush to add
that the suppression of all quantum fluctuations of the
metric and matter besides the TT mode is highly plausi-
ble following a simple mode-counting argument at small
numbers of matter fields. It is possible that this structure
changes at large numbers of matter fields. We conjecture
that the suppression of the backcoupling of induced mat-
ter interactions, that we explicitly find at the current
level of truncation (cf. Sec. III E and Fig. 10), can be
confirmed in larger truncations.
B. Interaction structure of the maximally
symmetric fixed point
Our results suggest that quantum gravity induces a
fully interacting fixed point for matter. As one would ex-
pect, the finite interactions of asymptotically safe quan-
tum gravity percolate into the matter sector, and thus
asymptotically safe gravity is incompatible with fully
asymptotically free matter. We elucidate the role played
by global symmetries of the kinetic terms for matter for
the UV fixed point. Its interaction structure is differ-
ent from that of the Standard Model: All interactions
which are compatible with the global symmetries of the
kinetic terms appear to be nonzero in corresponding trun-
cations, while those that break these symmetries explic-
itly vanish at the gravity-induced maximally symmetric
fixed point. (The existence of the maximally symmetric
fixed point does of course not preclude the existence of
additional fixed points at which these global symmetries
are broken explicitly and even more interactions are fi-
nite.) Specifically, the global symmetries include a shift
symmetry for scalars. Thus, all induced interactions for
scalars are derivative interactions, while the scalar po-
tential, Yukawa interactions and minimal couplings of
the scalar to gauge fields vanish. As the maximally sym-
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FIG. 15. We compare the phenomenological viability bound,
i.e., the relevance bound for the Yukawa coupling, for three
different approximations (where the region above the respec-
tive line is excluded): the horizontal line (green wide-dashed)
shows the bound in spin-two approximation (cf. Sec. III C)
also neglecting all matter-mediated effects (cf. Sec. III E). The
thick blue-dashed line shows the bound including trace-mode
contributions (still neglecting matter-mediated effects). Fi-
nally, the red curve shows the full result also including matter-
mediated effects from the induced couplings λA, χ1 and χ2.
The χ-sector is evaluated close to the weak-gravity bound,
i.e., at g = 2. For smaller g the full result converges back to
the blue-dashed line. The induced couplings become large and
distort the bound whenever a pole (vertical thick dashed line)
in the effective gravitational coupling strength is approached.
The gray regimes around the pole indicate where anomalous
dimensions become large (∣ηψ ∣ > 2 (∣ηψ ∣ > 4) along the thin
(wider) dashed line).
metric fixed point does not feature any finite canonically
marginal or relevant interactions, it is easy to miss the
fully interacting matter fixed-point when using canonical
dimensionality as a guiding principle. Such truncations
neglect all interactions which we expect to be finite at
the maximally symmetric fixed point, and thus make an
interacting fixed point appear free.
C. Matter constraints on quantum gravity
In the absence of direct windows into the observational
quantum- gravity regime (with the notable exception of
strong constraints on violations of Lorentz symmetry,
see, e.g., [118–120]), it becomes critical to find ways of
indirectly probing quantum-gravity models. We advo-
cate that the gap between the Planck scale and the elec-
troweak scale can be bridged by the RG flow. We set out
how to constrain physics at the Planck scale by demand-
ing that – starting from an asymptotically safe model of
quantum gravity and matter at the Planck scale – the
experimentally observed matter properties are recovered
at the electroweak scale.
FIG. 16. We show the constraints on the gravitational
mass parameter (related to the cosmological constant) µh and
the higher curvature coupling b in the spin-2 approximation,
cf. Sec. III C). The weak-gravity bound depends on g: The
excluded region grows with increasing g (cf. red dashed line
for g = 2 vs. red continuous line for g = 1), also in a smaller
truncation with ηψ = 0 = ηφ (bright orange dashed for g = 2
and bright orange continuous for g = 1.) The region excluded
by an irrelevant Yukawa coupling is shown in yellow. In the
green region below b ≈ −2/3 both constraints are accommo-
dated. Our truncation could be insufficient in the gray-shaded
regions.
1. Existence of a UV completion – Weak gravity bound
If quantum fluctuations of gravity are too strong, they
can neither be balanced by matter fluctuations nor by
canonical scaling in our truncation. Thus, if the effective
gravitational coupling exceeds a critical strength, no UV
completion can be induced in the matter sector. Hence,
we expect a viable asymptotically safe model of quan-
tum gravity must satisfy the weak-gravity bound, unless
matter degrees of freedom only emerge in the IR. The ef-
fective gravitational coupling parameterizes the strength
of quantum-gravity fluctuations, i.e., it is a combination
of the Newton coupling with additional couplings that
enter the propagator of metric fluctuations. Gravity be-
comes strong if either the Newton coupling exceeds a crit-
ical strength, and/or the denominator of the propagator
of metric fluctuations is driven towards zero. (Within
a bimetric setting that is parameterized in terms of the
background and fluctuation field the couplings a, b, c, d
should be understood as those parameterizing the higher-
order momentum dependence of the fluctuation propa-
gator, i.e., those are part of the inessential couplings.)
Within our truncation, this excludes a sizable part of the
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ref. and truncation weak gravity θy g
∗ µ∗h = −2Λ∗ b∗ d∗ a∗ c∗ ηψ
pure gravity in Einstein-Hilbert truncation
[29] for all α = β = 0 yes -0.82 0.88 -0.36 – – – – -1.16
pure gravity in extended truncations
bimetric truncations indicated by (B)
[24] (B) yes -0.80 0.7 -0.42 – – – – -1.14
[13] yes 1.71 1.97 -0.42 -0.99 – 0.42 – 5.04
[37] (B) yes -0.60 0.43 -0.34 0.39 – -0.18 – -1.04
[38] (B) yes -0.69 0.83 -0.45 0 – – – -1.00
Einstein-Hilbert gravity with matter
[51] with Standard Model matter yes 0.004 1.74 4.7 – – – – 0.01
[53] (B) for NS = 1 = ND yes -0.83 0.55 -0.58 – – – – -1.25
gravity with matter in extended truncations
[74]higher-derivative gravity with NS = 1 = ND yes 0.85 0.95 0.46 -1 0 1.19 0 1.41
TABLE I. Here we list results from the literature and attempt to infer whether asymptotically safe gravity passes both bounds.
The equality µ∗h = −2Λ∗ holds within the single-metric approximation. For all truncations, the value of ηψ that we provide, is
the value that we obtain from our calculation. It differs from values quoted in [51] and [53] due to a different choice of gauge.
The answer on the weak-gravity bound appears to be an unequivocal yes.
The decision on the (ir)relevance appears less clear; bimetric truncations seem to have a tendency to θy < 0, although the value
is numerically small; background calculations including higher-order interactions or matter fluctuations seem to favor θy > 0
instead. Overall, we conclude that truncations have not yet converged sufficiently to make a definite statement. Observe that
no fixed-point results on d exist yet. According to our analysis, this coupling could have a pivotal effect.
gravitational coupling space in which gravity is not weak
enough, cf. red regions in Fig. 16. It is reassuring that
the weak-gravity bound is satisfied by the fixed-point val-
ues in all truncations listed in Tab. I. Notably, the weak-
gravity bound is not visible in truncations including only
the canonical Standard Model couplings due to symme-
try. Instead, it arises from those couplings that share
the global symmetries of the kinetic terms. Although
those are higher-order couplings according to a canon-
ical counting, their inclusion in matter-gravity trunca-
tions appears to be mandatory for studies that explore
whether asymptotic safety is a viable paradigm for a UV
completion of gravity-matter models.
2. Phenomenological viability – negative effective
gravitational coupling
The maximally symmetric UV fixed point lies in a
symmetry-enhanced hypersurface of the theory space on
which all canonical interactions of the Standard Model
vanish. That hypersurface is IR attractive or repulsive
under the RG flow. The former case provides predic-
tions for the values of the Standard-Model couplings at
the Planck scale. In our analysis, we focus on a Yukawa
coupling in a simple Higgs-Yukawa model and demand
a finite fermion mass, generated from spontaneous sym-
metry breaking in the IR. This provides a constraint on
the gravitational parameter space, as the fixed point at
vanishing Yukawa coupling must be UV attractive.
Further, we explore whether fixed points with ex-
plicitly broken global symmetries, such as, e.g., shift-
symmetry can exist, and find that within our truncation
the answer is indeed “yes” in a subspace of the gravita-
tional parameter space. For the Yukawa coupling in our
simple Higgs-Yukawa model, such a fixed point at finite
y∗ is necessarily IR attractive. This provides us with a
lower-dimensional hypersurface in the gravitational pa-
rameter space on which the Planck-scale value of the
Yukawa coupling is predicted from the underlying fixed-
point theory, leading to a prediction of the fermion mass
in the IR.
Within a simple truncation containing only an
Einstein-Hilbert term from which one can derive a metric
propagator and a Yukawa term, the critical exponent of
the Yukawa coupling at the free fixed point is negative
cf. Tab. I, unless the fixed-point value for the Newton
coupling is negative. This results in a prediction of the
fermion mass in the IR: Quantum gravity fluctuations
force the Yukawa coupling to remain zero all the way to
the Planck scale. Following a Standard-Model like RG
flow from the Planck scale down to the electroweak scale
then results in a vanishing fermion mass. The extended
analysis that we have performed here confirms the result
from the above simple truncation: A finite fermion mass
can be accommodated in the region of gravitational cou-
pling space with a negative effective Newton coupling.
The overall result on θy from various truncations of the
RG flow appears “too close to call”, cf. Tab. I, underscor-
ing a need for extended truncations. Due to spin-2 dom-
inance, this result cannot be altered by the contributions
from induced matter interactions such as four-fermion
couplings or fermion-scalar couplings. While this might
not be an observationally desirable outcome, it under-
scores how coupling quantum gravity to matter moves the
model a decisive step closer towards becoming falsifiable.
This result will most likely carry over to more extended
models of the Yukawa sector featuring several Yukawa
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couplings. This hinges on the fact that the gravity con-
tribution to the Yukawa coupling is in fact “blind” to
the existence of several generations and different Yukawa
couplings and and appears to work against asymptotic
freedom as long as the spin-2-mode dominates.
D. Outlook
Here, we attempt to provide a roadmap towards tight-
ening observational constraints on asymptotically safe
gravity and matter along the lines that we have mapped
out in this paper. In particular, we highlight which fea-
tures of our analysis we expect to hold in more realistic
matter models, and what are possible missing contribu-
tions beyond our truncation.
1. Extended tests of the weak-gravity bound
We argue that pure-matter n-point interactions with
n ≥ 6 do not impose any further bounds on the space of
gravity couplings, since we expect that gravity can only
shift their fixed-point values along the real axis. The
backreaction of induced 6-point interactions into the flow
of the 4-point couplings might nevertheless affect our es-
timate of the excluded “strong-gravity” region quanti-
tatively. Further, an independent weak-gravity bound
could also originate at higher orders in the derivative ex-
pansion. We suggest to explore the full momentum de-
pendence of induced matter 4-point interactions to quan-
titatively pinpoint the weak-gravity bound.
We expect the weak-gravity bound to hold in models with
N matter fields, where the combined matter-gravity dy-
namics could yield an upper bound on N : If the fixed-
point value for the effective gravity coupling scales with
N , as expected from [51, 53, 54], the gravity-induced de-
struction of quantum scale-invariance in the matter sys-
tem sets in at a critical Ncrit.
2. Impact of non-minimal kinetic terms
We expect non-minimal “kinetic” couplings, e.g.,
ψ¯γµ∇νψRµν and ∂µφ∂νφRµν to potentially play a sig-
nificant role for both constraints that we have explored.
These couplings share the symmetries of the respec-
tive kinetic terms, and will accordingly feature a shifted
Gaußian fixed point, potentially resulting in an inde-
pendent weak-gravity bound. Further, such couplings
will impact the anomalous dimensions through gravi-
ton loops. In accordance with our result in the spin-2-
dominated region of gravitational coupling space, these
contributions might compete with the gravity contribu-
tions to the anomalous dimension that we have included
in our analysis.
3. Finite fermion mass from a relevant Yukawa coupling
The results on fixed-point values for the metric propa-
gator have not converged sufficiently to conclude whether
the Yukawa coupling is relevant, cf. Tab. I. Additional op-
tions for the Yukawa coupling to become relevant could
involve additional degrees of freedom: As a first possi-
bility, the gravity couplings might move into the allowed
region of parameter space as a function of the number
of matter fields. Within a more realistic model of the
Higgs-Yukawa-sector of the Standard Model, several dif-
ferent Yukawa couplings should be distinguished. Then,
the region in gravitational parameter space which is com-
patible with realistic values of those couplings in the IR,
could change.
In the Standard Model the gauge couplings yield a con-
tribution to the running of the Yukawa coupling
βy∣
gauge
= y
16pi2
(−8g2s − 94g22 − 1712g21) , (42)
where gs is the strong coupling, g2 the SU(2) coupling
and g1 the Abelian hypercharge coupling. As gravity
contributions tend to make gauge theories asymptoti-
cally free [58, 60], even in the Abelian case [61, 73], the
combination of gravity and charged matter could induce
an interacting fixed point for the Abelian gauge cou-
pling. Thus, this yields a contribution to the critical
exponent of the Yukawa coupling, which is of the op-
posite sign as the gravity contribution. We will estimate
whether this contribution could be sufficient to render the
Yukawa coupling relevant already in a truncation where
µh = b = d = 0. For simplicity, we will use the beta func-
tion for the QED coupling e at one loop. Including the
leading-order quantum-gravity contribution it reads
βe = − 5 g
18pi
e +Nf e3
12pi2
, (43)
where Nf is the number of charged fermions. The central
piece of information for the following is that the potential
interacting fixed point is IR attractive. Thus, the Planck-
scale value of that coupling – which is known within the
Standard Model – must be equal to the fixed-point value.
Hence we can infer directly that the θy ∣gauge ≈ 0.003.
Moreover, solving the equation e∗ ≈ 0.6 (where we have
for simplicity used the Planck-scale value of the hyper-
charge coupling) provides us with a value for the Newton
coupling, g∗ ≈ 0.7 (for Nf = 21). In turn, this yields
θy ∣grav ≈ −0.2 in the TT approximation. Accordingly we
conclude that an interacting fixed point for the Abelian
gauge coupling provides a contribution towards a relevant
Yukawa coupling, but our simple estimate suggests that
the contribution is insufficient to balance the quantum-
gravity contribution. Including higher-order couplings in
the metric propagator might reduce the quantum-gravity
contribution and tip the balance in favor of the gauge
contributions.
We point out that at leading order the direct quantum-
gravity contribution to the running Yukawa coupling and
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quartic Higgs self interaction is exactly the same – since
both arise from a vertex derived from
√
g. Hence, a
setting in which the Yukawa coupling becomes relevant
while the Higgs quartic coupling stays irrelevant and is
thus automatically held close to zero all the way down
to the Planck scale as in [82, 83] relies on more involved
higher-order effects, e.g., mediated by anomalous dimen-
sions or induced couplings. The same is true for a solu-
tion of the gauge hierarchy problem in asymptotic safety
[124], which would require relatively strong gravitational
effects driven by the same vertex. We plan to come back
to this point in the future.
If the preservation of global symmetry within asymptoti-
cally safe gravity that has been observed in the structure
of all beta functions up to now turns out to be an ar-
tifact of an approximation after all, then the maximally
symmetric fixed point might be shifted and might in fact
feature a finite fixed-point value for the Yukawa coupling.
If on the other hand, the Yukawa couplings indeed re-
main irrelevant in the fully coupled Standard Model plus
gravity at a free fixed point, this would be an indica-
tion that new physics which does not contain a funda-
mental scalar for the Higgs might be required. For such
a composite Higgs, with a sufficiently high composite-
ness scale to evade experimental constraints, the question
whether asymptotically safe quantum gravity is compati-
ble with the observed masses of the fermions in the Stan-
dard Model, would presumably take an entirely different
form.
Our analysis highlights that for an understanding of
the quantum-gravity effects on the Higgs-Yukawa sector
it is critical to understand the fixed-point values for the
gravitational couplings Rµν ◻n Rµν , while operators in-
cluding the Ricci scalar, like R ◻n R, n ≥ 0, are sublead-
ing. This should provide an incentive to extend gravity
truncations in these directions in the future.
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Appendix A: Threshold-integrals
Here we present explicit expressions for the contri-
butions to the β-functions in Eq. (17)-(24) in terms of
threshold integrals. Traces of the tensor structure of
flow diagrams resulting from appropriate projections of
the flow equation Eq. (6) are already executed, such
that only a regularized loop-integral over the propagat-
ing modes remains. Traces have been checked using the
FormTracer package [125]. Our notation for the thresh-
old integrals essentially counts the number of propaga-
tors of a particular field, i.e., I = I[nTT, nTr, nψ, nφ;np].
nTT + nTr + nψ + nφ equals the number of vertices of the
corresponding diagram, see Eq. A19 below. The pure
matter contributions (independent of the gravitational
couplings) are given by
Mλyy =Mλλ = I[0,0,2,0; 0] = −(5 − ηψ)80pi2 (A1)
My3y =Mλy2λ = −I[0,0,2,1; 0] = (5 − ηψ)80pi2 + (6 − ηφ)96pi2
(A2)
Mχ2χ1 = −(121χ21 + 64χ1χ2 + 4χ22)24 I[0,0, (1),1; 3]− (χ1 − 2χ2) (5χ1 + 2χ2)
4
I[0,0,1, (1); 3]
= (121χ21 + 64χ1χ2 + 4χ22) (9 − ηφ)
6048pi2+ (χ1 − 2χ2) (5χ1 + 2χ2) (8 − ηψ)
1792pi2
. (A3)
Mχ2χ2 = (59χ21 − 52χ1χ2 − 76χ22)48 I[0,0, (1),1; 3]+ (χ1 − 2χ2) (χ1 + χ2)
2
I[0,0,1, (1); 3]
= −(59χ21 − 52χ1χ2 − 76χ22) (9 − ηφ)
12096pi2− (χ1 − 2χ2) (χ1 + χ2) (8 − ηψ)
896pi2
(A4)
My2ηφ = y2 (4 − ηψ)16pi2 (A5)
Mχηφ = 4(χ1 + 4χ2) I[0,0,1,0; 1] = −(χ1 + 4χ2) (6 − ηψ)60pi2
(A6)
My2ηψ = y2 (5 − ηφ)80pi2 . (A7)
Mχηψ = −χ1 + 4χ22 I[0,0,0,1; 2] = (χ1 + 4χ2) (8 − ηφ)384pi2 .
(A8)
The gravity contributions depend on the exact form of
the gravity propagator. In terms of threshold functions
of the propagating degrees of freedom – i.e., the TT- and
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trace-mode – the induced contributions read
Iχ1 = − 572I[2,0,0,0; 0] − 332768I[0,2, (1),1; 3]+ 9
16384
I[0, (2),1, (1); 3] (A9)
Iχ2 = 5288I[2,0,0,0; 0] + 316384I[0,2,0,1; 2] (A10)− 57
65536
I[0,2, (1),1; 3] − 9
16384
I[0, (2),1, (1); 3]
Iλ = − 15
1024
I[2,0,0,0; 2] . (A11)
Further gravity contributions linear in the corresponding
matter coupling itself appear as a shift in the canonical
scaling dimension. The corresponding contributions in
terms of threshold integrals are given by
Dχ1 = 5 (31χ1 + 16χ2)288 I[1,0,0,0; 0]+ 5 (χ1 − 4χ2)
72
I[1,0,1,0; 1]
− χ1
128
I[0,1,0,0; 0] − 27χ1
512
I[0,1, (1),0; 1]
− 3χ1
128
I[0, (1),1,0; 1] − χ1
64
I[0,1,0,1; 2]
+ 27χ1
512
I[0,1, (2),0; 2] + χ1
192
I[0,1,0,2; 4]
+ 8χ1 + χ2
128
I[0,1, (1),1; 3]
− 3(χ1 + χ2)
64
I[0, (1),1, (1); 3] , (A12)
Dχ2 = 5 (8χ1 + 23χ2)288 I[1,0,0,0; 0]− 5 (χ1 − 4χ2)
288
I[1,0,1,0; 1]
− χ2
128
I[0,1,0,0; 0] − 3(χ1 + 13χ2)
512
I[0,1, (1),0; 1]
− 3(χ1 + 8χ2)
512
I[0, (1),1,0; 1] − χ2
64
I[0,1,0,1; 2]
+ 9(χ1 + 7χ2)
512
I[0,1, (2),0; 2]
+ 9(χ1 + 4χ2)
512
I[0, (1),2,0; 2]
+ χ1 + 6χ2
384
I[0,1,0,2; 4]
+ 13χ1 + 38χ2
512
I[0,1, (1),1; 3]
+ 3(χ1 + 4χ2)
256
I[0, (1),1, (1); 3] (A13)
Dy = −5
4
I[1,0,0,0; 0] + 1
16
I[0,1,0,0; 0]
− 3
16
I[0,1,1,0; 1] + ( 3
16
)2 I[0,1,2,0; 2] (A14)
Dλ = −5
4
I[1,0,0,0; 0] + 1
16
I[0,1,0,0; 0]
− 3
8
I[0,1,1,0; 1] + 27
128
I[0,1,2,0; 2] (A15)
Dηφ = 164I[0,1,0,1; 2] (A16)
Dηψ = 2532I[1,0,0,0; 0] − 3128I[0,1,0,0; 0]+ 117
1024
I[0,1, (1),0; 1] + 9
128
I[0, (1),1,0; 1] . (A17)
Finally, mixed contributions from gravity and other mat-
ter couplings are given in terms of threshold integrals as
Cgy2λ = 14I[0,1,0,1; 0] + 38I[0,1,1,1; 1]+ 9
64
I[0,1,2,1; 2] . (A18)
In all above equations I[nTT, nTr, nψ, nφ;np] represents
the scale derivative of the corresponding threshold func-
tion of a loop integral for nTT traceless-transverse met-
ric, nTr trace metric, nψ fermionic and nφ scalar propa-
gating modes. Further np gives the power of additional
momenta from the vertices involved. Finally, the round
brackets indicate that the scale derivative ∂t does not act
on the corresponding propagator; or put in a diagram-
matic language that the diagram with the corresponding
regulator insertion is excluded. Therefore,
I[nTT, nTr, nψ, nφ;np] = ∂˜t ∫ d4p(2pi)4 (p2)(np+nψ)/2
⎡⎢⎢⎢⎢⎣
1[Zψp2 (1 + rk,f ( p2k2 ))]nψ ×
1[Zφp2 (1 + rk,b ( p2k2 ))]nφ
1[Γ(2)k,TT (1 + rk,b ( p2k2 ))]nTT ×
1[Γ(2)k,Tr (1 + rk,b ( p2k2 ))]nTr
⎤⎥⎥⎥⎥⎦ .
(A19)
In this form it is straightforward to associate diagrams
with the different contributions: For I[nTT, nTr, nψ, nφ],
the diagram has nTT+nTr+nψ+nφ vertices, and the power
of different propagators of course simply corresponds to
the number ni.
Using spectrally and RG-adjusted cutoffs (cf. Eq. (12)) to
evaluate the threshold integrals (cf. Eq. (A19)) a general
threshold integral can be evaluated to read
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I[nTT, nTr, nψ, nφ;np] = 28nTr+5nTT−3pinTr+nTT−2
np + 4 ( 1b − d + µh + 1)nTT ( 118a + 6b − 18c − 6d − 2µh − 3)nTr (A20)⎡⎢⎢⎢⎢⎣ − 2nTT (2b (np + 6) (np + 10) − (np + 8) (3d (np + 6) − np − 10)) (−ηh + np + 6)(np + 6) (np + 8) (np + 10) (b − d + µh + 1)− 6nTr (−ηh + np + 6) (12a (np + 6) (np + 10) + 4b (np + 6) (np + 10) − (np + 8) (18c (np + 6) + 6d (np + 6) + np + 10))(np + 6) (np + 8) (np + 10) (18a + 6b − 18c − 6d − 2µh − 3)
− nψ (−ηψ + np + 5)
np + 5 − 2nφ (−ηφ + np + 6)np + 6
⎤⎥⎥⎥⎥⎦ ,
where contributions in the square brackets correspond
to contributions where the scale-derivative acts on the
TT, the trace, the fermionic and the scalar propagating
mode respectively. As explained above, the prefactors
that arise from a contraction of the tensor structure cor-
responding to a diagram, can differ for diagrams within
the same class, where the regulator is inserted on differ-
ent internal legs. These are the contributions which fea-
ture round brackets around some of the arguments of the
I. Thus, where round brackets are denoted in Eq. (A1)-
(A18) the corresponding term within the square brackets
in the above equation must be neglected.
Note that in the spin-2 approximation (nTr = 0) the
threshold integrals only depend on the gravitational pa-
rameters (g, µh, b, d) but not on (a, c) which only occur in
the trace-mode. Substituting Eq. (A1)-(A18) into the β-
functions in Eq. (17)-Eq. (24) and evaluating the thresh-
old integrals according to Eq. (A20) gives the set of grav-
itationally modified β-functions used to obtain all the re-
sults in this paper. We loosen the spin-2-approximation
in App. C. In App. B we evaluate the cutoff integrals for
a non-spectral choice of regulator.
Appendix B: Regulator dependence
Here, we evaluate the threshold-integrals relevant for
the phenomenological viability bound (cf. Sec. IV B) in
the TT-approximation (cf. Sec. III C) neglecting matter-
mediated contributions (cf. Sec. III E), i.e., Eq. (A14),
(A16) and (A17) and derive the bound that requires
weakly interacting gravity for a non-spectrally adjusted
cutoff. Explicitly, the cutoff takes only p2 as the argu-
ment, instead of Γ
(2)
k (p2), as in the spectrally adjusted
case. As the shape function, we use the Litim-shape
function. The Yukawa bound in the TT approximation
Eq. (37) leads to the condition
− 15g
16pi (µh + 1) (b + µh + 1) > 0 , (B1)
where we have set d = 0. We plot this condition in Fig. 17.
It is obvious that in this cutoff scheme the sign change
FIG. 17. We show the phenomenological viability bound
on gravitational coupling space consisting of µh, b, d in the
TT approximation for a non-spectral cutoff choice. Here we
set d = 0. In the yellow (brighter shaded) region θy < 0 at
the maximally symmetric fixed point. In the green (darker
shaded) region θy > 0 at the maximally symmetric fixed point.
We show contour lines of potentially increasing truncation in-
stability quantified by ∣ηψ ∣ > 2 (dotted thin line) and ∣ηψ ∣ > 4
(dashed thin line) as one moves towards the pole in the grav-
itational TT-mode (thick dashed line). The sign change in θy
is affected by a pole-crossing in the TT-mode propagator.
required to render y relevant occurs along the poles of
condition Eq. B1.
It is reassuring that the two different cutoff schemes ex-
hibit the same limits and both admit a relevant Yukawa-
coupling in a largely overlapping region of parameter
space. In other words, the exclusion of b > 0 is not due
to our choice of regulator.
Appendix C: Beyond the TT-mode approximation
Building on the simplified analysis that we have pre-
sented in the main text, we can now launch a fully-fledged
discussion of the flow without resorting to approxima-
tions for the gravity modes, and provide a detailed dis-
cussion of all results beyond the TT approximation. As
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FIG. 18. We plot the (ir-)relevance of the Yukawa coupling in (yellow) green regimes at the maximally-symmetric asymp-
totically safe fixed-point lifting the following approximations (employed in FIG. 12): we include the trace-mode contributions;
we solve the full set of equations for the anomalous dimensions (including loop-terms); we include effects from βλA . The
left-hand plot shows a µh-b-slice through the gravitational coupling space (a = c = d = 0, g = 1). Along the poles of the spin-2-
and trace-mode (thick dashed black lines) the gray-shaded regions (∣ηψ ∣ > 2 (dotted line) and ∣ηψ ∣ > 4 (dashed line) indicate a
possible breakdown of our truncation. In the red (dark) region within this area (and beyond the TT-mode pole) λA develops a
weak-gravity bound (because Iχ1/2 in Eq. 35 switches sign). The right-hand panel shows a similar a-b-slice through gravitational
parameter-space (µh = c = d = 0, g = 1). We observe that the spin-2-mode contribution and therefore the influence of b, d and
µh dominate also in the extended analysis, as long as µh does not become large. The dependence on a and c becomes relevant
only in a regime (very thin slice in right-hand panel) where parameters are tuned to artificially enhance the trace-mode.
FIG. 19. As Fig. 11, including a numerical bound (thick red dot-dashed line) lifting the following approximations: we include
the trace-mode contributions; we solve the full set of anomalous dimensions (including loop-terms); we include effects from
βλA . For each panel all gravitational couplings not plotted are set to zero. Besides a novel pole that is introduced due to an
(unphysical) regime in which the trace-mode dominates the bound is only slightly modified.
a main result of this section, we confirm that the TT ap- proximation employed in the main text is quantitatively
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adequate except for particular parts of the gravitational
coupling space, i.e., for large µh or large higher-order
curvature couplings. In our choice of gauge, β = α = 0,
additional contributions to the flow of matter couplings
arise from the trace mode only. Including those contribu-
tions in Eq. (A1)-(A18) and evaluating the integrals for
spectrally adjusted cutoffs, introduces a second pole in
gravitational parameter space. Besides the spin-2-mode
pole
poleTT = g(1 + µh + b − d) (C1)
now also the trace mode develops a pole at
poleTr = g(3 + 2µh − 18(a − c) − 6(b − d)) . (C2)
Apart from dominant behavior of the trace mode, accom-
panied by possible changes of the overall sign of contri-
butions close to these poles, the results deviate only very
slightly from the approximations employed in the main
text (cf. FIG. 19 & 18). Since the vicinity of the pole
of the trace-mode propagator corresponds to regimes in
gravitational parameter space in which the trace-mode
is enhanced and dominates over the TT-mode we regard
these as unphysical. Physics should be determined by the
gauge-independent spin-2-mode and not by the gauge-
dependent trace-mode. Setting all other gravitational
parameters to zero the trace-mode pole lies at
µh,pole∣a=b=c=d=0 = −3
2
, (C3)
apole∣b=c=d=µh=0 = −cpole∣a=b=d=µh=0 = 16 , (C4)
bpole∣a=c=d=µh=0 = −dpole∣a=b=c=µh=0 = 12 . (C5)
Comparing with FIG. 19 shows that apart from strong
pole modifications at these values the results are in good
agreement with the spin-2-approximation. We conclude
that results obtained in the spin-2-approximation might
be sufficient to determine the physical effect of gravity
on the matter sector. In particular, gravitational pa-
rameters such as those in a Ricci-scalar expansion, i.e.,
the parameters a and c in our truncation do not – apart
from unphysical pole behavior – have a strong effect on
the matter sector. This justifies the TT-mode approxi-
mation used in this paper.
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